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ABSTRACT

Dulaney, Nathaniel Frederick, M.S., Department of Earth and Environmental Sciences,
Wright State University, 2020. Quantifying Contributions to the Variance of Permeability
and Porosity within the Western Belt Sandstones of the Cypress Formation, Illinois
Basin.

One of the strategies for reducing the emission of the greenhouse gas carbon dioxide
(CO2) and mitigating its accumulation into the Earth’s atmosphere is geologic
sequestration (GSCO2). This process might be paired with enhanced oil recovery (EOR)
within depleted oil reservoirs to provide an economic incentive for GSCO2.
Heterogeneity within reservoirs (e.g. spatial differences in entry pressure, permeability,
and porosity) can exert significant influence on the dynamics of fluid flow during EOR
and GSCO2, and thus on the ultimate success of GSCO2-EOR. The Western Belt
sandstones of the Cypress Formation in the Illinois Basin are candidate reservoirs for
GSCO2-EOR. Heterogeneity in the Western Belt reservoir rock was analyzed by
quantifying contributions to the variance of log-permeability and porosity that arise from
differences in primary depositional factors (grain size and bedding structure) and
secondary diagenetic factors (compaction and cementation). The greatest contribution to
the variance in log-permeability and porosity arises from the differences in means
between grain-size units, including lower very-fine sand, upper very-fine sand, lower fine
sand, upper fine sand, and lower medium sand unit types. The variance within these unit
types also makes a significant contribution. Differences in mean log-permeability or
porosity between types of bedding structures contributes little to the variance, and the
grain size and bedding structure factors are relatively uncorrelated. Differences in the
amount of diagenetic cementation and compaction do not contribute appreciably to the
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variance in permeability and porosity. These results are based on a limited number of
research-quality rock cores extracted from the Western Belt reservoir. More cores should
be obtained and studied in this way to assess the generality of these findings within the
Western Belt reservoir.
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1. Introduction
One of the strategies for reducing the emission and mitigating the accumulation of the
greenhouse gas carbon dioxide (CO2) into the Earth’s atmosphere is to capture it from
industrial emission streams, compress it into a supercritical fluid, and then inject it into
geologic reservoirs for permanent sequestration from the atmosphere (IPCC, 2005). This
geologic sequestration of CO2 is referred to as GSCO2 hereafter. Candidate reservoirs for
GSCO2 were reviewed by the Department of Energy (DOE)/National Energy Technology
Laboratory (NETL), (NETL, 2010b, 2015). The US and other countries have made
significant investments to assess the technical feasibility of the strategy and related issues
such as public safety (NETL, 2015). The DOE has funded a number of pilot
demonstration projects that have successfully emplaced CO2 into geologic storage in
different geologic provinces across the country (NETL, 2015). For example, in the
Illinois Basin Decatur Project (IPDP) 1 megaton of CO2 was successfully injected into
the Mt. Simon Sandstone reservoir, a deep brine-filled formation. The CO2 remained
below a caprock seal, and was injected without generating significant seismic activity at
the surface (Finley 2014; Bauer et al. 2016). While such successful demonstrations are
encouraging with respect to the technical feasibility of the strategy, there are challenges
to scaling up GSCO2 into large and commercially viable operations. One challenge is that
there is limited infrastructure to convey CO2 from a location of emission-stream capture
to a location of subsurface injection (e.g. CO2 pipelines). Another is the cost of the onsite infrastructure required for injecting CO2 into geologic formations (e.g. compressors
and injection wells). A strategy for addressing such challenges is to link GSCO2 with the
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existing and commercially viable infrastructure associated with enhanced oil recovery
(EOR).
Since the 1970s, CO2 has been used in EOR operations to produce incremental
amounts of residual oil from otherwise depleted hydrocarbon reservoirs (NETL, 2010a).
Furthermore, it has been discovered that many oil reservoirs have a naturally-occurring
interval of residual oil below the main oil zone referred to as residual oil zones (ROZs)
(Figure 1). If these ROZs occur below existing main oil zones, they are considered
brownfields. However, ROZs can also exist without an overlying main oil zone
(greenfields), and are created by natural waterflooding of a reservoir (Figure 1) (Webb,
2019). In many cases, CO2-EOR can be used to recover the oil in the ROZ. The CO2
helps mobilize some of the residual oil by both reducing capillary trapping and reducing
viscosity. The pressure gradient behind the injection allows the displaced oil to travel
with the CO2 plume to a production well. The CO2 within the recovered oil separates out
as pressure decreases up the producing well and is recycled at the surface. This recycled
CO2 can then be used in the injection process again (NETL, 2010a). Often CO2 injection
is accompanied by alternating water injections (Figure 2). This alternation of water and
gas (WAG) helps prevent CO2 from breaking through and creating preferential flow paths
to the production well, enhancing miscibility with the residual oil (NETL, 2010a).

2

Greenfield

Brownfield

Figure 1: Location of ROZs with respect to primary oil zones.
(Modified from Melzer, 2006)

3

Figure 2: WAG process. (NETL, 2010a)

At the end of EOR operations, both recycled and additional CO2 can be injected a final
time for permanent sequestration up to the storage capacity of the reservoir. If as much or
more CO2 can be sequestered than the amount of CO2 emitted by the eventual
consumption of the oil products, then the process is considered carbon neutral to carbon
negative (Nuñez-Lopez et al., 2019; Webb, 2019). By linking the geologic sequestration
of carbon dioxide with enhanced oil recovery (GSCO2-EOR hereafter), the potential
profit from oil production could provide a commercial incentive for creating the
infrastructure needed to scale-up CO2 delivery and injection. After the EOR phase, the
infrastructure will be in place and the filling of the reservoir with CO2 could be
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incentivized through establishing a tax on oil producers and/or a carbon tax (or credit
programs) for CO2 emitters. In such a scheme, the ongoing costs of GSCO2 would
primarily reflect those of operation, rather than those of creating the infrastructure.
GSCO2-EOR is not suitable for all reservoirs. To be considered for CO2-EOR, a
reservoir must meet a number of criteria relating to depth, temperature, pressure,
permeability, oil gravity, viscosity, and residual oil saturation (Table 1)(NETL, 2010a), to
ensure productivity. Additionally, to securely store CO2, the reservoir must have
relatively high porosity and permeability to allow for adequate transmission and storage,
and an adequate seal and/or trapping methods to ensure safe, long-term storage (NETL,
2010b). These criteria fit many potential sites in North America, including those in the
Alberta Basin, Williston Basin, Powder River Basin, Michigan Basin, and Illinois Basin
(NETL, 2010b).

Table 1: Criteria for screening reservoirs for CO2-EOR suitability. (Modified from
NETL 2010a)
Depth, ft

2,000 to 9,800

Temperature, ℉

< 250, but not critical

Pressure, psia

1,200 to 1,500

Permeability, mD

1 to 5

Oil gravity, °API

27 to 30

Viscosity, cp

≤10 to 12

Residual oil saturation after waterflood, fraction of
porosity

5

0.25 to 0.30

Recently, the DOE has shown significant interest in implementing GSCO2-EOR in
the Illinois Basin, and has partnered with the Illinois State Geologic Survey (ISGS) to
study the potential for GSCO2-EOR in the reservoirs of the Cypress Formation.
Fluvial sandstone reservoirs such as the Cypress Formation have a hierarchy of
multi-scaled sedimentary architecture (Figure 3), with a corresponding heterogeneity in
petrophysical properties (e.g. permeability, capillary entry pressure, and porosity) that
will affect GSCO2-EOR. For example, sets of coarser-grained (higher permeability and
lower entry pressure) cross-strata are spatially organized beside sets of finer-grained
(lower permeability and higher entry pressure) cross-strata within the architecture of bar
deposits (Lunt 2002; Lunt et al. 2004; Bridge 2006). Bar deposits are spatially organized
within the architecture of compound bar deposits. This sedimentary architecture is
reviewed in more detail below. The resulting heterogeneity in petrophysical properties
can exert significant influence on the dynamics of fluid flow during EOR (Gershenzon et
al., 2014, 2015a) and capillary trapping of CO2 during GSCO2 (Gershenzon et al., 2015b,
2016a, b, 2017a, b; Damico et al. 2018), and thus on the ultimate success of GSCO2EOR, as reviewed in more detail below. Typically, the influence of reservoir
heterogeneity on flow dynamics has been studied by including a static geologic model,
representing the heterogeneity, within reservoir simulation models that are run to predict
and to optimize reservoir performance under both EOR and GSCO2 phases. The geologic
model is designed to represent those aspects of the sedimentary architecture, and the
strata types it comprises, that most define the spatial variance in petrophysical properties.
Figure 3 shows a geologic model that represents the general aspects of the multi-scaled
and hierarchical sedimentary architecture common among fluvially deposited reservoirs
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(Ramanathan et al., 2010 and Guin et al., 2010). As discussed by Bridge (2006), the size
of the units represented within the model scale together with the bank-full channel width
of what was the formative river, and thus there is a quantitative basis for scaling the
model together with the unit types it comprises to the size of a specific reservoir. This
model has been used in studies of how fluvial architecture affects the success of both
EOR (Gershenzon et al., 2014, 2015a) and GSCO2 (Gershenzon et al, 2015b, 2016a, b,
2017a, b). For example, in reservoirs like the Ivishak Formation (Prudhoe Bay, Alaska)
that are formed by gravelly rivers it has been shown that the heterogeneity in
permeability within the reservoir rock is most defined by the contrast in permeability
between cross-strata sets of open framework gravel deposits and cross-strata sets of the
finer-grained sediments, and by the preferential flow paths created by the connected
network of open framework gravel strata sets that exist within and across unit bars and
compound bars (Lunt et al., 2004; Tye et al., 2003). These preferential flow paths have a
significant impact on the distribution of injected fluids during EOR and GSCO 2, and on
residual trapping of oil during EOR and residual trapping of CO2 during GSCO2
(Gershenzon et al., 2014, 2015a, b, 2016a, b, 2017a, b). As illustrated in Figure 3, the
univariate variance in permeability is most defined by contrasts in permeability between
sets of cross-strata at the smaller scale, and the spatial covariance of permeability (and
the other petrophysical attributes) controlling flow is most defined by the organization of
those smaller-scale cross-sets within the larger scales of sedimentary architecture. This
thesis deals with defining such contrasts in petrophysical properties among the smaller
scale units, and understanding how that contrast defines the univariate variance in
petrophysical properties.
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C)
D)

B)

A)

Figure 3: An example of a static geologic model for fluvial deposits by Ramathan et al.
(2010). The model is created in two steps. In the first step, piecewise-planar elements
are used to define the shapes of strata at different scales. From smallest to largest scale
the stratal model comprises: (A) sets of trough cross-strata, (B) unit bar deposits that
contain the cross-strata, and (C) compound bars that contain the unit bars, and channel
fills. In the second step, the stratal model is sampled with the grid of a numerical flow
model and petrophysical properties, such as log-permeability shown here, are mapped
into the grid cells from appropriate distributions, as indicated at the smallest scale in (A)
and at the largest scale in (D). (Damico et al., 2018).

In summary, to assess the feasibility of GSCO2-EOR in the Cypress reservoir, the
heterogeneity in petrophysical properties arising from its multiscaled and hierarchical
fluvial architecture must be conceptually understood and quantified. The primary goal of
this thesis is to address the question of which aspects of smaller-scale sedimentary
8

architecture (e.g. Figure 3A) within the Cypress reservoir are important to defining and
representing the variance in its petrophysical properties. To address the question, data for
the occurrence of smaller-scale unit types (i.e. grain-size and bedding structure units),
and their petrophysical properties (i.e. permeability and porosity) derived from rock cores
extracted from the Cypress reservoir were analyzed. The variance in petrophysical
properties was studied by quantifying the specific contribution that grain-size and
bedding structure units within the sedimentary architecture makes to the global variance
in the petrophysical properties. The results were used to draw conclusions about which of
these unit types are most important and therefore should be represented in future static
geologic models. Creating the actual geologic model is outside the scope of this thesis,
but the understanding provided by the results and conclusions derived from the analyses
presented can serve as the foundation for creating such a model. The results are also used
to draw out pre-modeling insight into how fluid dynamic processes will take place during
GSCO2-EOR in the Cypress reservoir, in advance of creating the static geologic model
and the reservoir flow-simulation model.

2. Background
2.1 Geologic background
The Illinois Basin is a broad, gently dipping, structural depression approximately
60,000 square miles in area located in Illinois, Indiana, Kentucky, and some portions of
Missouri (Buschbach & Kolata, 1990). The intracratonic basin began as a product of a
failed rift system associated with the breakup of Rodinia roughly 750 to 600 million years
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ago. It is flanked by the Wisconsin, Mississippi River, Pascola, Cincinnati, and Kankakee
Arches, as well as the Nashville and Ozark Domes (Buschbach & Kolata, 1990).
The Illinois Basin is well known for its prolific oil production, having produced
around 4.5 billion barrels of oil since the 1930s (Ridgley, 1997). Of this production, the
Cypress Formation of the Chesterian Series accounts for nearly 1 billion barrels (Huff
and Seyler, 2010). It is estimated that certain reservoirs within the Cypress Formation
still collectively contain at least 1.8 billion barrels of oil (bbl), of which a significant
portion is recoverable (Webb 2019).
The Cypress Formation occurs over a large extent of the basin (Figure 4 & Figure
7), and achieves thicknesses of roughly 200 ft in portions of south-central Illinois
(Howell, 2017). These thicker, northeast-southwest trending portions are generally made
up of incised valley fill and are referred to as the Western Belt. The creation of valley
fills begins when sea level drops. As sea level drops, rivers incise valleys into their
coastal plains. Initial deposition, largely sand, takes place during this lowstand. Upon
transgression, the valley then becomes an estuary and rapidly fills with sediments
(Nelson et al., 2002).
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Figure 4: Extent of the Cypress Formation and its dominant facies. Cross section
line for Figure 5 shown in red (Howell, 2017).
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Figure 5: Generalized cross section of Chesterian rocks from the Ozark Dome to the
Cincinnati Arch (modified from Nelson et al., 2002). The Cypress Formation is outlined
in red.

The valley fills of the Western Belt are dominated by storeys (i.e. stacks of
compound bar deposits; Figure 8) that are amalgamated, creating thick, stacked “blocks”
of sandstone (multistorey) (Howell, 2017). These sandstone blocks have relatively high
permeability and porosity, but are not prolific producers as the oil zones in the formation
are relatively thin. However, the relatively thin oil zones may be underlain by ROZs
(Howell, 2017; Webb, 2019). This combination of under-produced oil resources, and
thick portions of highly permeable and porous sandstone are ideal for GSCO2-EOR.
Fields selected for potential GSCO2-EOR include, the Noble, Loudon, and Dale Oil
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Fields (brownfields; Figure 7). These fields are considered the most productive of these
valley-fill sandstones (Howell, 2017; Webb, 2019)

3
1
2

Figure 6: Idealized point/compound bar model. A single unit bar is outlined in red, the
compound bar is outlined in blue. A) Conglomeratic, B1) Cross-bedded sandstone, B2)
Flat-bedded sandstone, B3) Cross-laminated sandstone, C) alternating beds of sand and
siltstone, D) Siltstone. (Modified from Allen, 1970)
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A)

B)

C)

Figure 7: Major oil fields within the Illinois Basin (green). A) Loudon Field, B) Noble
Field, and C) Dale Field. Red line (A–A’) represents cross section in Figure 8. (Modified
from Webb, 2019)
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Figure 8: Conceptual sequence stratigraphic model across the Western Belt, created by
Howell (2017). Blocks, like the example outlined in green, represent multistorey fluvial
deposits.

Furthermore, the Western Belt occurs in an area of relative tectonic stability, with
a ~3m thick, basin-wide, relatively impermeable caprock known as the Beech Creek
(Barlow) Limestone (Kimple et al., 2015; Nelson et al., 2002). Both factors, in addition to
capillary trapping discussed below, would contribute to the prevention of CO2 leakage to
the surface. The caprock effectively seals the formation, preventing any CO2 not already
trapped within the Cypress reservoir by capillary forces, from reaching the upper-most
formations and/or surface. Tectonic stability ensures that the caprock will not be
compromised (i.e. by faulting, folding, or seismicity) and maintains its seal.
Howell (2017) described the sedimentology and depositional context of the thick,
Western Belt sandstones of the Cypress Formation, based on previously understudied
outcrops of the Western Belt, 70 cores (7 of which were logged and described in detail),
874 well logs, and more than 90 thin sections. Howell found that the storeys within the
Western Belt displayed characteristics typical of an anastomosing or meandering river
system existing during a lowstand system tract (LST). Furthermore, lithofacies within the
Western Belt’s multistorey channel fills were interpreted as point bars capped by
paleosols. These units often have different permeabilities and porosities. The exact
15

controls on these petrophysical attributes are relatively unknown within the Cypress
Formation; further investigation is needed to determine the possible relationship(s)
between primary depositional (i.e. Grain-size and bedding structure units) and secondary
diagenetic factors (i.e. diagenetic cements and clays, grain dissolution), and permeability
and porosity (Howell 2017).
The general sedimentary architecture created by fluvial deposition has been
comprehensively described and quantified in three dimensions by Lunt (2002), Lunt et al.
(2004), Bridge (2006), and Damico et al. (2018). The sedimentary architecture is
subdivided into four scales of stratification. The largest scale represents channel-belt
deposits (Figure 9a) (e.g. a Western Belt deposit). These deposits are made up of coarsergrained, convex-up compound bar deposits (e.g. a storey) and finer-grained, concave-up
channel fills. Compound bars are formed as active channels migrate and pieces of unit
bars accrete within them (Figure 9b). Concave-up channel fills form when a channel
becomes inactive. Compound bars comprise unit bars and cross-bar fills. Unit bars are
large scale inclined units that are formed and evolve with the migration of dune and
ripples across their surface. Subaqueous dunes (height of cms to 10s of meters) and
ripples (height of a few cms) create various types of smaller-scale stratification within the
unit bar by their migration as sediment moves up the stoss face and avalanches down the
leeward face of these bedforms, forming cross-strata. Thus, unit bars comprise smallerscale units dominated by sets of planar and trough cross-stratified beds and laminae
(Figure 9c) formed by dune and ripple migration (Lunt, 2002; Lunt et al., 2004; Bridge,
2006). These cross-strata include both finer- and coarser-grained sets (e.g. coarser sand
cross-sets and finer sand cross-sets). The grain size and bedding structures within these
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smallest scale units give rise to differences in their petrophysical attributes, such as
porosity, permeability, and capillary entry pressures which can strongly control EOR and
GSCO2 (Gershenzon et al., 2014, 2015a, b, 2016a, b, 2017a, b; Ritzi et al. 2016, 2018).

Figure 9: Conceptual model for the hierarchical sedimentary architecture found in
channel-belt deposits. a) An aerial photo of a modern fluvial channel belt system,
comprising active channels and compound bars, b) Conceptual diagram of a
compound bar (outlined in blue) with unit bars (outlined in green), c) cross section
through b) showing that unit bar deposits comprise sets of cross-strata with different
textures (Figure is from Damico et al., 2018, which is based on figures from Lunt et
al., 2004)
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Howell (2017) divided the units of the Western Belt into two categories: sandy
(reservoir rock) and muddy (reservoir baffles). This study focuses on the sandy units of
the Cypress Formation. Howell defined eight unit types at the base (smallest scale; Figure
9c) of the hierarchy. They include: unidirectional (dune-formed) cross-bedded sandstone
(SC), ripple (cross)-bedded sandstone (SR), ripple (cross)-bedded sandstone with clay
drapes (SRD), planar (ultra-low angle cross)-bedded sandstone (SP), massive (unstratified)
sandstone (SM), conglomerate (C), deformed bedding (XD), and pedogenic alteration
(XP). Descriptions follow:
Unit type SC (Figure 10) in the Cypress Formation is most pervasive and best
developed in the Western Belt and West Baden Trend. There are two variations of unit
type SC observed within the Western Belt: i) simple cross-beds (SC1) and ii) low
amplitude-long wave length cross beds (SC2). In core, the variations between SC1 and SC2
cannot be differentiated (Howell, 2017). This study analyzes core samples and thus this
differentiation is not made hereafter. This most abundant strata type occurs with grain
size ranging from lower very fine sand (median grain size = 93.75 μm) to lower medium
sand (median grain size = 187.5 μm) in the core samples in this study.
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Figure 10: Examples of unit type SC: A) (2891', API: 120650139200), B) (2594', API:
121592606400), C) (138', API: 121812190900), D) (3003', API: 1206501394). (Howell,
2017) *API number is a unique, numeric identifier assigned to a well.

Unit type SR (Figure 11) is a whitish-tan, very fine to fine-grained, asymmetric ripplebedded arenite to sublitharenite with relatively low detrital clay volume. This unit type
can be composed of both asymmetrical current ripples and bidirectional ripples, and
increases in occurrence upwards within the thick Western belt sandstones (Howell,
2017).
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Figure 11: Examples of unit type SR: A) (2841', API: 120650135600), B) (97', API:
12182190900), C) (2892', API: 121592608300), D) (1551', API: 120512582900).
(Howell 2017)

Unit type SRD (Figure 12) consists of whitish-tan, very fine to fine-grained,
bidirectional ripple-bedded arenite to sublitharenite with a higher detrial clay volume
than SRD. Unit type SRD exists primarily above thick Western Belt sandstones and within
the “sandstone lens” provinces. Bidirectionality, reactivation surfaces, and clay drapes
(<1 mm thick) are consistently associated with SRD (Howell, 2017).
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Figure 12: Examples of unit type SRD: A) (1418', API: 121013178800), B) (1419', API:
12101312510), C) (1289', API: 121012762300), D) (1566', API: 121010669700).
(Howell, 2017)

Unit type SP (Figure 13) consists of whitish-tan to brown, very fine to fine-grained,
planar bedded arenite to sublitharenite. In many cases, unit type SP contains very low
angle (<5°) or vertically transitions to, or from, higher angle (5–20°) foresets (Howell,
2017).
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Figure 13: Examples of unit type SP: A) (2956', API: 120650139200), B) (2959', API:
1206501395), C) (1543', API: 120512572400). (Howell, 2017)

Unit type SM (Figure 14) is a whitish-grey to brown, very fine to fine-grained quartz
arenite to sublitharenite that is structureless. Additionally, there is subtle evidence of
distorted bedding in some locations (Howell, 2017).
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Figure 14: Examples of unit type SM. A) (3054', API: 1206501394), B) (1548', API:
120512572400), C) (1512', API: 1205125724000). (Howell, 2017)

Unit type C (Figure 15) is commonly sharp-based, conglomeratic, and poorly sorted,
being dominantly matrix supported with a wide range of clast lithologies and sizes. In
many cases, unit type C is not truly conglomeratic, but contains abundant clay rip-up
clasts embedded within a fine-grained sandy matrix (Howell, 2017).
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Figure 15: Examples of unit type C: A) (2925', API: 120650139200), B) (3026', API:
1206501394), C) (1569', API: 120512569900), D) (186', API: 121812190900). (Howell,
2017)

Modified unit type XD (Figure 16) consists of distorted laminae or bedding within a
range of sandy unit types, and represents post- or syn-depositional soft sediment
deposition (Howell, 2017).
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Figure 16: Examples of modified unit type XD: A) (2963', API: 120650139200), B)
(107', API: 121812190900), C) (2962', API: 1206501394), D) (1540', API:
120512572400). (Howell, 2017)

Modified unit type XP (Figure 17) commonly consists of variegated or gleyed muddy
and silty unit types. Although less common, the unit type may also be developed in sandy
unit types. When XP exists in sandy unit types, iron-oxide staining, pyrite, siderite, and/or
root traces are most common. Modified unit type XP is interpreted to be an indicator of
subaerial exposure (Howell, 2017).
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Figure 17: Examples of modified unit type XP: B) (1511’, API: 121010717300) C) (85',
API: 121812190900), D) (1177', API: 120292361900). (Howell, 2017)

2.2 The effect of sedimentary architecture on flow and capillary trapping
Coarser-grained unit types are known to create preferential flow pathways within
fluvial reservoirs and thus act as CO2 thief zones during EOR during injection
(Gershenzon et al., 2014, 2015a). These thief zones can inhibit the injected CO2 from
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coming in contact with residual oil in finer-grained units (Gershenzon et al., 2014,
2015a). The juxtaposition of coarser-grained units with finer-grained units also cause
capillary trapping by pinning, which affects both EOR and GSCO2. Capillary trapping is
the result of two main mechanisms, snap-off and capillary pinning. Snap-off occurs when
counter-imbibition of brine behind the advancing plume traps residual CO 2 bubbles
within intervening pore bodies. Capillary pinning is the result of heterogeneity in the
capillary entry pressure between adjacent reservoir rock types (i.e. CO2 is trapped below
local contacts between an underlying reservoir rock type with larger pores and an
overlying reservoir rock type with smaller pores and thus larger entry pressure (Figure
18) (Gershenzon et al., 2015b, 2016a, b, 2017a, b). This movement and trapping is highly
dependent upon heterogeneity within the reservoir at small scales (decimeters to meters).
In EOR, capillary trapping is a detriment to recovering oil in finer-grained units (Figure
19). In GSCO2, capillary trapping is a detriment in that it inhibits CO2 from moving into
finer-grained units for storage, but a benefit in that trapping within the reservoir rock
lessens the need to rely on a structural seal. As reviewed by Krevor et al. (2015), a
significant body of evidence, including results from laboratory studies, computational
studies, and from field pilot injection tests, now indicates that capillary trapping in the
permeable part of the reservoir will be a primary mechanism for physically immobilizing
CO2 in the subsurface until it dissolves and mineralizes (Figure 20). Thus, small-scale
heterogeneity (i.e. differences in grain size and bedding structures) and its architecture,
may play a significant role in dictating of movement and storage of CO2 within a
reservoir, and dictate the success of GSCO2-EOR (Gershenzon et al., 2014, 2015a, b,

27

2016a, b, 2017a, b). Therefore, the relationship between petrophysical properties and the
smaller scale unit types must be understood and quantified.

Figure 18: a) Snap-off capture via brine imbibition, and b) capillary pinning caused by
differences in entry pressure. (Gershenzon et al., 2016b)
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A)

B)

Figure 19: The effect of sedimentary architecture on enhanced oil recovery by a
waterflood. A) Model of permeability. The high permeability regions correspond to
coarser-grained cross-sets within unit bar deposits. B) Waterflood simulation showing oil
saturation, where I represents an injection well and P represents a production well. Crosssets of different grain sizes impart strong influence on both the initial distribution of
residual oil and waterflood sweep efficiency. Greater oil saturation can be observed in the
coarser-grained cross-sets both in advance (yellowish region) and behind (blueish region)
the front of the water flood. (Gershenzon et al., 2014).
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A)

B)

Figure 20: Injection of CO2 into a fluvial reservoir. A) Simulation of a homogeneous
reservoir; the CO2 plume buoyantly rises to a caprock seal. B) Simulation of a reservoir
with sedimentary architecture and corresponding heterogeneity in permeability and entry
pressures. Capillary pinning of CO2 in coarser-grained cross-sets is a primary CO2
storage mechanism, and little of the CO2 reaches the caprock seal. (Gershenzon et al.,
2017b).

2.3 Goals and objectives of this study
Given that differences in petrophysical properties between small-scale strata can
affect GSCO2-EOR in fluvial reservoirs, what are such differences within small-scale
units defined for the Western Belt sandstones of the Cypress Formation? In addressing
this question, small-scale strata types are here defined based on differences in both grain
size and bedding structure. The goals of this study are to statistically characterize the
petrophysical properties of these unit types, and to quantify the contributions that the
differences in their statistical characteristics make to the univariate statistics of the fluvial
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deposit on whole. Data for the initial study comprised grain size, bedding structure,
permeability, and porosity from a core through the complete Cypress Formation that was
regularly sampled along its entire length (the only known such core). There are no data
for entry pressures (pressure required for non-wetting fluid to displace wetting fluid)
from the core, however, because entry pressure and permeability are both determined by
the absolute size of pore openings (Figure 21), they are strongly inversely correlated. For
example, in the widely used Brooks and Korey (1964) model for capillary pressure the
entry pressure (Pe) is defined by:

1 𝑏
𝑃𝑒 = 𝑎 ( )
𝑘

(1)

Where k is permeability and a and b are constants defined by the reservoir rock pore
structure and the wetting and non-wetting fluids. Accordingly, permeability facies are
often taken as a good proxy for entry pressure facies (e.g. the high 𝑘 facies is a low 𝑃𝑒
facies and vice versa). The variances in permeability and porosity are analyzed here using
a statistical approach as outlined by Ritzi et al. (2016) and Ritzi et al. (2018). The initial
objective of that analysis was to determine the contributions that differences in grain size
and bedding structure make to the global variance in permeability and porosity (Chapter
3). As described below, based on the preliminary results, the objective was expanded to
include an analysis of a second core, and an analysis of the contributions that differences
in diagenetic compaction and cementation made to the variance in permeability and
porosity in the Western Belt sandstones (Chapter 4). Using insight from the secondary
analysis, the initial core was then reanalyzed (Chapter 5).
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Figure 21: Capillary entry pressures increase as pore size and thus permeability decrease.
The figure illustrates different lithofacies and their effect on permeability and capillary
entry pressure. (Modified from Clarkson and Solano, 2016)

3. Initial analysis of the Tripp-1 core
3.1 Nature of the data
Of the seven cores described by Howell (2017), the one most appropriate for this
analysis is identified as the Tripp-1 well (Well API: 121812190900). The core was
collected from just behind an outcrop of the thick Western Belt sandstone in Union
County, Illinois. It is the only core that spans the entire thickness of the Cypress
Formation. Furthermore, permeability (k) and porosity were regularly sampled at every 1
ft of the core, producing a relatively well-resolved data set. Both permeability and
porosity were measured using a steady-state gas permeameter and porosimeter
(PoroPerm) (Howell, 2017). The permeability data have the Klinkenberg correction
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(Howell, 2017) to remove the effects of non-Darcian flow that occurs with gas-based
permeameters. Capillary entry pressure data do not exist, but entry pressure is typically
strongly, inversely correlated with permeability and thus permeability facies can serve as
a proxy, as discussed above (Gershenzon et al., 2015a, b, 2016a, b, 2017a, b). Summary
statistics of the data are given in Table 2. Because permeability spans a range of two
orders of magnitude, the natural log was used in the analyses that follow.

Table 2: Summary statistics of the Tripp-1 core.
Data Valuea

Permeability (mD)

Ln(k)b

Porosity

Max

403.23

6.000

0.1869

Min

1.55

0.438

0.1169

67.09

3.522

0.1599

6021.91

1.665

0.0002

1.16

0.366

0.0893

Mean
Variance
CVc
a

(n = 92)

b

Natural log of permeability (k) measurements

c

Coefficient of variation

Six of the bedding structure units defined by Howell are present in the core (Figure 22):
cross-stratified (SC), cross-laminae/rippled (SR), planar-stratified (SP), massive (SM),
deformed (XD), and pedogenic (XP). In this core, all of these unit types have grain sizes
that fall into just two categories: Very Fine Sand (SVF) or Fine Sand (SF) (Table 3).
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Table 3: Factors and categories used to subdivide data into a hierarchy of subpopulations
for the Tripp-1 core.
Factors
Grain Size

Categories
Very Fine Sand (SVF)
Fine Sand (SF)

Bedding Structure

Cross-stratified (SC)
Cross-laminae/Ripples (SR)
Planar-stratified (SP)
Massive bedding (SM)
Deformed bedding (XD)
Pedogenic bedding (XP)
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Figure 22: Graphic column depicting grain sizes and bedding structures of the Tripp-1
core. (Howell, 2017)
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Table 4: Proportions, mean ln(k), and mean porosity for categories within each factor.
Factor

Proportion

Mean ln(k)

Mean porosity

0.86
0.14

3.26
5.12

0.161
0.154

SC
SR
SP

0.49
0.23
0.14

4.05
3.24
3.13

0.160
0.160
0.159

SM
XD
XP

0.01
0.12
0.01

4.82
2.50
0.94

0.167
0.161
0.144

Grain Size
SVF
SF
Bedding Structure

Table 5: Proportions of bedding structure and grain size subpopulations within the full
sample population.
Grain Size
Bedding Structure

SVF

SF

SC
SR

0.37
0.23

0.12
--

SP
SM
XD
XP

0.13
0.01
0.11
0.01

0.01
-0.01
--
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Figure 23: Distribution of samples with depth for each grain-size category.
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Figure 24: Distribution of samples with depth for each bedding structure category.

An initial analysis of variance (ANOVA) for ln(k) and porosity was performed to
quantify the contributions of grain size and bedding structure variation to the overall
variance of the permeability and porosity sample populations. The categorical ANOVA
method is described by Ritzi et al. (2016, 2018) and is reviewed in the next section.
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3.2 Methodology
Let, ξ(i), represent the population of samples for an attribute such as ln(k) or
porosity. A subset ξr, contains the subpopulation of samples that belong to one of the
categories within the grain-size factor r, r = (SVF and SF), and ξro contains the
subpopulation of samples within ξr that belong to bedding structure category o, o = (SC,
SR, SP, SM, XD, or XP).
Let. Ir be an indicator variable that takes on a value of 1 if sample number i is
within category r, and a value of 0 otherwise. Let Iro take on a value of 1 if that same
sample is in category o, and a value of 0 otherwise.
The proportions (P) of each factor/category are then given by

𝑁𝑡

𝑃𝑟𝑜 = ∑ 𝐼𝑟𝑜 (𝑖 ) =
𝑖=1
𝑁𝑡

𝑃𝑜 = ∑ 𝐼𝑜 (𝑖 ) =
𝑖=1
𝑁𝑡

𝑃𝑟 = ∑ 𝐼𝑟 (𝑖 ) =
𝑖=1

𝑁𝑟𝑜
𝑁𝑡

(2)

𝑁𝑜
𝑁𝑡

(3)

𝑁𝑟
𝑁𝑡

(4)

Where, N represents the number of measurements that fall within a data subpopulation
(e.g. Nr = number of samples that fall within category r).
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Next, the sample means for each subpopulation are defined by the following
equations
𝑁𝑡

1
𝑃𝑟𝑜
𝑚𝑟 =
∑ 𝜉𝑟 (𝑖 ) = ∑ 𝑚𝑟𝑜
𝑁𝑟
𝑃𝑟
𝑖=1

(5)

0∈𝑟

𝑁𝑡

1
𝑚𝜉 = ∑ 𝜉 (𝑖 ) = ∑ 𝑚𝜉𝑟 𝑃𝑟
𝑁𝑡
𝑖=1

(6)

0∈𝑟

The sample variance (σ) is defined by
𝑁𝑡

𝜎𝜉𝜉

1
= ∑(𝜉 (𝑖 ) − 𝑚𝜉 )2
𝑁𝑡

(7)

𝑖=1

The variance was further deconstructed into sum of squares in order to separate
the contributions of main factor effects from factor interactions (Kutner et al., 2005).
𝑁𝑡

𝜎𝜉𝜉

1
= ∑(𝜉 (𝑖 ) − 𝑚𝜉 )2 = 𝑆𝑆𝑟 + 𝑆𝑆𝑜 + 𝑆𝑆𝑟𝑜 + 𝑆𝑆𝜀
𝑁𝑡

(8)

𝑖=1

Where
𝑆𝑆𝑟 = ∑(𝑚𝜉𝑟 − 𝑚𝜉 )2 𝑃𝑟

(9)

𝑟

𝑆𝑆𝑜 = ∑(𝑚𝜉𝑜 − 𝑚𝜉 )2 𝑃𝑜

(10)

𝑟

𝑆𝑆𝑟𝑜 = ∑ ∑ 𝑚𝜉𝑟𝑜 2 𝑃𝑟𝑜 − ∑ 𝑚𝜉𝑟 2 𝑃𝑟 − ∑ 𝑚𝜉𝑜 2 𝑃𝑜 + 𝑚𝜉 2
𝑟

𝑜

𝑟

𝑆𝑆𝜀 = ∑ ∑ 𝜎𝜉𝑟𝑜𝜉𝑟𝑜 𝑃𝑟𝑜
𝑟

𝑜
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(11)

𝑟

(12)

The SSr and SSo terms are the main factor effects accounting for the contrast in
the sample means of the factor categories. The SSro term is the 2-way interaction and
quantifies the extent to which grain size affects ξ(i) differently within the bedding
structure categories and vice versa. The SSε term is the contribution to variance arising
from the base-level variability within the smallest subdivisions defined here, and thus
represents the variance unexplained by differences in the sample means across the factors
and their categories.

3.3 Initial results
The population variance for all ln(k) samples is 1.67 (k in mD). The results of
decomposing contributions to this variance are given in Figure 25 and Tables 6 & 7. The
contribution from differences in the means among grain-size categories is 22.5%. The
contribution from differences in the means among bedding structures is 20.6%.
Interaction between these factors contributes 5.3%, indicating a small and potentially
negligible amount of negative correlation. The grain size-bedding structure interaction
graph (Figure 28) shows a parallel increase in ln(k) across the SP, SC, and XD bedding
categories with increase in grain size, indicative of negligible correlation between factors.
The majority of the variance, 51.7%, is not explained by differences among the factor
categories and is the background variability arising from within the subpopulation
categories.
The population variance for porosity is 0.0002. Note that the coefficient of
variation (Table 2) for porosity is much lower than for permeability. Thus, a much
smaller amount of variability is being characterized here. The contributions to this
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relatively small variance (Tables 6 & 7; Figure 26) from the differences in mean porosity
between grain-size and bedding structure categories are both small, 3.29% and 1.68%
respectively. Figure 29 shows that porosity decreases as grain size increases in categories
SC and XD, but increases with grain size in SP, giving some negative factor interaction
with a 7.7% contribution. Porosity is a relative measure of pore space and can be more
related to the sorting coefficient than to grain size, and perhaps this result is related to
sorting. Similar to the results of the ln(k) analysis, a majority of the variance (87.3%) is
background variability arising within the subpopulation categories.
The global ln(k)-porosity covariance of the population is 0.008. The contributions
from the differences among means of grain-size categories to this variance is 14.3%. The
contribution is relatively small for bedding structure and the grain size-bedding structure
interaction (Tables 6 & 7; Figure 27) at 4.4% and 0.5%, respectively. The majority
contribution (80.8%) is background covariability.

Table 6: Contribution to (co)variance.
Main Factor Effects

Ln(k)

Porosity

Covariance

Grain size (SSr)

0.418

6.7e-6

1.6e-3

Bedding Structure (SSo)

0.383

3.4e-6

5.0e-4

GS-BS Interaction (SSro)

-0.099

1.6e-5

6.3e-5

0.963

1.7e-4

9.5e-3

Background (SSε)
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Table 7: Absolute percent contribution to (co)variance.
Main Factor Effects

Ln(k)

Porosity

Covariance

Grain size (SSr)

22.5

3.3

14.3

Bedding Structure (SSo)

20.6

1.7

4.4

GS-BS Interaction (SSro)

5.3

7.7

0.5

Background (SSε)

51.7

87.3

80.8

1.6

Contribution to the composite variance

1.4
1.2

1
Grain size (GS)
0.8

Bedding Structure (BS)

0.6

GS-BS Interaction
Background

0.4
0.2
0

-0.2

Figure 25: Contribution to the variance of ln(k).
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Contribution to the composite variance

2.00E-04

1.50E-04
Grain size (GS)
Bedding Structure (BS)

1.00E-04

GS-BS Interaction
Background

5.00E-05

0.00E+00

Figure 26: Contribution to the variance in porosity.

Contribution to the composite covariance

0.01
0.009
0.008
0.007
Grain size (GS)

0.006

Bedding Structure (BS)

0.005

GS-BS Interaction

0.004

Background

0.003
0.002
0.001
0

Figure 27: Contribution to the covariance of ln(k) and porosity.
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Figure 28: Grain size-Bedding structure interactions for mean ln(k).
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Mean porosity

0.18
SC

0.17
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Figure 29: Grain size-Bedding structure interactions for mean porosity.
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3.4 Discussion and initial conclusions
Differences in the means between grain-size and bedding structure categories
account for less than half of the variance in ln(k) or porosity in the Tripp-1 core. A
majority of the variance is in the background category, and thus is unexplained by
differences in mean permeability between grain-size and bedding structure categories.
The results suggest that other factors, not yet examined, may explain the majority
of variance in ln(k) and porosity. This leads to the conjecture that variance may be more
controlled by secondary diagenetic factors, such as compaction and cementation, rather
than by primary depositional factors.
Data quantifying cementation and compaction are not currently available for the
Tripp-1 core. Quantifying these attributes would require microscopic measurement of
relative amounts of cemented and uncemented pore space, as well as grain size. Each of
the 93 slides would require enough measurements of each attribute to generate
statistically meaningful data, an effort beyond what is practical for an MS thesis project.
Cementation and compaction measurements were already available from another core
from the Cypress Formation, the Rural Hill Flood-2S (Well API: 120650139400).
However, this core does not sample the entire thickness of the Cypress Formation, is
irregularly and sparsely sampled, and the 16 sample locations do not represent the
proportion in which the grain-size and bedding structure units occur in the core. Thus it
does not allow for a full and unbiased analysis of the Cypress Formation. These data were
analyzed to gain an initial insight on the relative importance of cementation and
compaction in explaining the variability in ln(k) and porosity in the Cypress Formation. If
the analysis indicates that variation in cementation and/or compaction make significant
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contributions to the variance, then there would be value in generating the required data
for quantifying those attributes in the Tripp-1 core. Otherwise, that significant effort
would not be justified.

4. Initial analysis of the Rural Hills core data
4.1 Nature of the data
The Illinois State Geologic Survey (ISGS) provided grain size, bedding structure,
cementation, compaction, permeability, and porosity data for the Rural Hill Flood-2S
core (Figure 30). Sixteen plugs were taken from the more than 100 feet of Rural Hill
Flood-2S core. Thin sections were made from each plug, and each thin section was used
for the microscopic quantification of grain size. Importantly, the samples were classified
using more finely-resolved grain-size categories than were used for the Tripp-1 core.
Grain size in each thin section was determined by measuring ~300-500 grains via
microscope, averaging the size, and then placing that average within a Wentworth (1922)
grain-size classification system. The grain-size categories that were identified include:
lower very fine (S-LVF) sand, upper very fine (S-UVF), lower fine (S-LF), upper fine (SUF), and lower medium (S-LM) (Table 9). Other data collected from the modal pointcounts included amounts of cementation and other matrix material. Sorting of the sample
was found by comparison of thin section images to the Beard and Wyle (1973) sorting
classification images. Both grain size and sorting were used to determine the initial
porosity (Pi) of the rock; that is, the porosity of the original, unconsolidated sediment.
This initial porosity was then used to calculate the amount of porosity lost to compaction
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(COPL) and the amount of porosity lost to cementation (CEPL) of the sample. As per
Freiburg et al. (2016), the compaction loss is calculated as

𝐶𝑂𝑃𝐿 = 𝑃𝑖 −

(100 − 𝑃𝑖 ) × 𝐼𝐺𝑉
100 − 𝐼𝐺𝑉

(13)

Where IGV is the sum of the intergranular pore space of the rock, intergranular diagenetic
cement, and matrix material, per total volume; where 0 ≤ COPL ≤ Pi. The cementation
loss is computed by
𝐶𝐸𝑃𝐿 = (𝑃𝑖 − 𝐶𝑂𝑃𝐿) ×

𝐶
𝐼𝐺𝑉

(14)

Where C equals the volume of cement per total volume, with 0 ≤ C ≤ IGV and 0 ≤ CEPL
≤ Pi.
CEPL and COPL are then used to calculate the index of compaction ( Icomp),
𝐼comp = 𝐶𝑂𝑃𝐿/(𝐶𝑂𝑃𝐿 + 𝐶𝐸𝑃𝐿)

(15)

Where 0 ≤ Icomp ≤ 1. Compaction is considered the dominant mechanism of porosity loss
if 0.5 < Icomp , while cementation is the dominant mechanism if Icomp < 0.5. Thus, the
metric quantifies the relative amount of compaction versus cementation that has occurred
in a sample (Freiburg et al. 2016).
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Table 8: Summary statistics for the Rural Hills Flood 2-S core.
Data Valuea

Permeability (mD)

Ln(k)b

Porosity

Max

284.10

5.65

0.1756

Min

0.00

0.00

0.0243

70.83

3.16

0.1386

6098.88

4.19

0.0011

1.10

0.65

0.2442

Mean
Variance
CVc
a

(n = 16)

b

Natural log of permeability (k) measurements

c

Coefficient of variation

Table 9: Factors and categories used to subdivide data into subpopulations for the Rural
Hills Flood 2-S core.
Factors
Grain Size

Categories
Lower Very Fine Sand (SLVF)
Upper Very Fine Sand (SUVF)
Lower Fine Sand (SLF)
Upper Fine Sand (SUF)
Lower Medium Sand (SLM)

Bedding Structure

Cross-stratified (SC)
Cross-laminae/Ripples (SR)
Planar-stratified (SP)
Massive bedding (SM)
Deformed bedding (XD)
Pedogenic bedding (XP)
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Figure 30: Graphic column of the Rural Hills Flood 2-S core representing grain sizes and
bedding structures, as well as thin section images representing microscopic view of grain
size (scale bar = 250 μm). Core image shows an intraformational discontinuity (green line
on column). (Webb 2019)
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Table 10: Proportions, mean ln(k), and mean porosity in main factor categories.
Factor

Proportion

Mean ln(k)

Mean porosity

SLVF
SUVF

0.06
0.12

0
1.25

0.125
0.131

SLF
SUF
SLM

0.18
0.41
0.23

2.08
4.00
4.23

0.128
0.140
0.153

SC
SR
SP
SM

0.41
0.18
0.29
0.06

3.78
2.29
2.44
3.97

0.142
0.132
0.133
0.139

XD
XP

0.06
--

4.22
--

0.158
--

Grain Size

Bedding Structure

Table 11: Proportions of subpopulations in total population.
Grain Size
Bedding
Structure

SLVF

SUVF

SLF

SUF

SLM

SC

--

--

--

0.23

0.17

SR
SP
SM
XD

-0.06
---

0.06
0.06
---

0.06
0.06
0.06
--

0.06
0.06
-0.06

-0.06
---

XP

--

--

--

--

--
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2953
2963
2973

Sample Depth (ft)

2983
2993
3003
3013
3023

3033
3043
3053
S-LVF

S-LF

S-UVF

S-UF

Figure 31: Distribution of samples with depth for each grain-size category.
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S-LM

2953

2963
2973

Sample Depth (ft)

2983
2993
3003
3013
3023
3033
3043
3053

SC

SR

SP

SM

XD

XP

Figure 32: Distribution of samples with depth for each bedding structure category.
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4.2 Methodology
COPL and CEPL are continuous rather than categorical variables. Accordingly,
rather than decomposing the variance as in the initial analysis of the Tripp-1 core, a
different approach was used for the analysis of the Rural Hill Flood-2S core. Initially,
two regression models were determined: one with permeability as the dependent variable
and one with porosity as the dependent variable. The independent variables in the
regression were COPL, CEPL, grain size, bedding structure, and sorting, where

ln(k) = aCOPL + bCEPL +cGS+dSort+ eBS+f

(16)

Another two regression models were determined excluding COPL and CEPL as
independent variables. The differences in the R2 values between these two models and the
first two models were used to determine the additional contribution of COPL and CEPL
to the variance, after controlling for grain size, bedding structure, and sorting.

4.3 Intermediate results
The results of the first multivariate regression (Tables 12 & 13) of ln(k) produced
an R2 statistic of 0.81, thus explaining roughly 81% of the variance in ln(k). The same
model was run once more with COPL and CEPL removed; the R2 statistic decreased to
0.80. Similarly, the R2 value for the porosity regression was 0.77, and decreased to 0.69
after the removal of COPL and CEPL. Thus, differences in compaction and cementation
explain less than one percent of the variance in ln(k) and less than eight percent in
porosity, after controlling for grain size, bedding structure, and sorting. Additionally, the
contribution of a factor is considered significant if the p-value is below 0.05. Grain-size
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differences in the regression model were within the significance level of 0.037. No other
variable in the models displayed a p-value below .10.

Table 12: Model results from multi-variate regression.
Ln(k)
Model #
1
2
a

2

Porosity
a

2

R

p-value

R

p-value

0.81
0.80

0.36
0.12

0.77
0.69

0.46
0.32

Model significance.

Table 13: Categorical significance for each model.
Model 1

Category
COPL
CEPL
Grain size
Sorting
Bedding structure

Model 2

Ln(k)

Porosity

Ln(k)

Porosity

p-value

p-value

p-value

p-value

0.69
0.50
0.13
0.87
0.69

0.32
0.83
0.19
0.61
0.80

–
–
0.04
0.95
0.53

–
–
0.13
0.64
0.72

4.4. Discussion and intermediate conclusions
Differences in compaction and cementation make an insignificant contribution to
the variance in ln(k) and porosity in the data population of the Rural Hill Flood-2S core.
Though the Rural Hill Flood-2S core was incompletely sampled, there is no indication
that further sampling would lead to defining a greater contribution to the variance from
the differences in these attributes. Based on this result, spending further time to develop
COPL and CEPL data for the 93 sample locations of the Tripp-1 core is contraindicated.
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Importantly, the microscopically quantified and more finely resolved differences in grain
sizes were significant in explaining the variance in ln(k) and porosity. Therefore, the
results indicate that microscopically quantifying grain size for samples from the Tripp-1
core and classifying samples into more finely resolved grain-size categories may lead to
explaining significantly more of the variability in ln(k) and porosity within the Tripp-1
core. Thus, grain size within the Tripp-1 core was determined with a finer resolution.
Then a new ANOVA on ln(k) and porosity was conducted to determine if differences in
the means between the more finely-resolved grain-size categories explained more of the
variance in ln(k) and porosity than was explained in the initial analysis (Chapter 3 above).

5. Reanalysis of the Tripp 1 core
5.1 Nature of the data
In the secondary analysis of the Tripp-1 core, grain size was microscopically
measured in 93 thin sections provided by the ISGS. Each thin section was associated with
a plug from which permeability and porosity had been quantified.
Using a microscope equipped with a 1 mm length scale bar in the field of view,
thirty grains of the sandstone were measured in each sample. This scale bar was divided
into to 0.1mm units (graticule units), which were divided into ten 0.01mm ticks. The
thirty grain measurements were then averaged to give a mean grain size for the sample.
The sample was categorized using the Wentworth (1920) grain-size classification scale as
either: lower very fine sand (S-LVF; 0.063-0.088 mm), upper very fine sand (S-UVF;
0.88-0.125 mm), lower fine sand (S-LF; 0.125-0.177 mm), upper fine sand (S-UF; 0.177-
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0.25 mm), or lower medium sand (S-LM; 0.25-0.35mm) (Table 14). The new data were
then used in a new ANOVA.

Table 14: Redefined factors and categories used to subdivide data into subpopulations
for the Tripp-1 core.
Factors

Categories

Grain Size

Upper Very Fine Sand (SUVF)
Lower Fine Sand (SLF)
Upper Fine Sand (SUF)
Lower Medium Sand (SLM)

Bedding Structure

Cross-stratified (SC)
Cross-laminae/Ripples (SR)
Planar-stratified (SP)
Massive bedding (SM)
Deformed bedding (XD)
Pedogenic bedding (XP)

Table 15: Proportions and mean ln(k) for main factor categories.
Factor

Proportion

Mean ln(k)

Mean porosity

SUVF
SLF
SUF

0.47
0.38
0.14

2.67
3.93
5.05

0.157
0.166
0.154

SLM

0.01

6.00

0.147

SC
SR

0.49
0.23

4.05
3.24

0.160
0.160

SP
SM
XD
XP

0.14
0.01
0.12
0.01

3.13
4.82
2.50
0.94

0.159
0.167
0.161
0.144

Grain Size

Bedding Structure
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Table 16: Proportions of subpopulations of the data.
Grain Size
Bedding
Structure

SUVF

SLF

SUF

SLM

SC
SR

0.16
0.14

0.21
0.09

0.11
--

0.01
--

SP
SM
XD
XP

0.07
-0.09
0.01

0.05
0.01
0.02
--

0.02
-0.01
--

-----
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85
95
105

Sample Depth (ft)

115
125
135
145
155

165
175

185
S-UVF

S-LF

S-UF

Figure 33: Distribution of samples with depth for each grain-size category.
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S-LM

5.2 Results of the second Tripp-1 core analysis
The population variance of ln(k) is 1.67 (k in mD). The results of decomposing
contributions to this variance are given in Figure 34 and Tables 17 & 18. The largest
contribution comes from differences in the means among grain-size categories (~38%).
The contribution from the means among bedding structures is 18.6%. Interaction between
the grain size and bedding structure contributes 10.5%. Background interactions
contributed 32.9%. The grain size-bedding structure interaction graph (Figure 37)
indicates a parallel increase in mean ln(k) with an increase in grain size across all
categories with the exception of bedding categories SM and XP; supporting that there is
little interaction between the factors.
The population variance for porosity is 0.0002. The contributions to this variance
from grain-size and bedding structure factors is 12.1% and 1.7%, respectively (Tables 17
& 18; Figure 35). Furthermore, 81% of the variance in porosity is unexplained by
differences in the factors (background). Figure 38 shows that porosity increases with an
increase in grain size from S-UVF to S-LF across categories SC, SR, SP, and XD.
However, porosity then decreases across the same categories with an increase in grain
size from S-LF to S-UF and S-LM, giving a small, positive factor interaction of 5.3%.
Contributions to the covariance in ln(k) and porosity (Tables 17 & 18; Figure 36)
are relatively small for grain size, bedding structure, and their interaction; the factors
contribute 5.6, 5.7, and 3.0%, respectively. The majority of contribution (85.7%) is
considered background variance.
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Table 17: Factor contributions to (co)variance.
Main Factor Effects

Ln(k)

Porosity

Covariance

Grain size (SSr)

0.800

2.5e-05

5.0e-4

Bedding Structure (SSo)

0.392

3.4e-06

5.1e-4

GS-BS Interaction (SSro)

-0.221

1.1e-05

-2.7e-4

Background (SSε)

0.694

1.6e-4

7.6e-3

Table 18: Absolute percent contribution to the (co)variance.
Main Factor Effects

Ln(k)

Porosity

Covariance

Grain size (SSr)

38.0

12.1

5.6

Bedding Structure (SSo)

18.6

1.7

5.7

GS-BS Interaction (SSro)

10.5

5.3

3.0

Background (SSε)

32.9

81.1

85.7
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1.6

Contribution to the composite variance

1.4

1.2
1
Grain Size (GS)

0.8

Bedding Structure (BS)

0.6

GS-BS interaction

0.4

Background

0.2
0
-0.2
-0.4

Figure 34: Contribution to the variance of ln(k).

Contribution to the composite variance

2.00E-04

1.50E-04

Grain Size (GS)
Bedding Structure (BS)
GS-BS Interaction

1.00E-04

Background

5.00E-05

0.00E+00

Figure 35: Contribution to the variance in porosity.
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Contribution to the global covariance

0.01
0.008
0.006

Grain Size (GS)

Bedding Structure (BS)

0.004

GS-BS Interaction
Background

0.002
0
-0.002

Figure 36: Contribution to the covariance of ln(k) and porosity.

7
6

SC

Mean ln(k)

5

SR
4

SP

3

SM

2

XD
XP

1
0

S-UVF

S-LF

S-UF

S-LM

Grain size

Figure 37: Grain size-bedding structure interactions for mean ln(k).
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0.19
0.18

Mean porosity

SC
0.17

SR
SP

0.16

SM
0.15

XD
XP

0.14
0.13

S-UVF

S-LF

S-UF

S-LM

Grain size

Figure 38: Grain size-bedding structure interactions for mean porosity.

5.3 Discussion
Differences in mean ln(k) between the refined and more finely resolved grain-size
categories is the dominant factor in explaining the variance in ln(k) for the Tripp-1 core.
Differences in the means between both the grain size and bedding structure together
explain the majority (~57%) of the variance. There is still 32.9% of unexplained variance.
As discussed by Ritzi et al. (2018), this is likely due to the fact that permeability varies
with the square of pore sizes, leading to a significant amount of variability among
samples within the same grain-size category.
The variance in porosity is relatively small (0.0002) as indicated by the
normalized coefficient of variation in Table 2. Little of this small variance is explained
by differences in mean porosity between the grain-size or bedding structure categories,
even with the refinement in grain-size categories. This is likely due to the fact that
porosity is an absolute measure of volume of void space to total volume, rather than a
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relative measure. Thus, it is not directly related to pore size or grain size, as is
permeability. Rather, the porosity is more directly related to the uniformity or degree of
sorting and the packing of fine grains into coarse grains within any one grain-size class
(Kamann et al., 2007; Ritzi et al., 2018). The small variance in porosity may be mostly
defined by differences in the degree of uniformity of grain sizes within each grain-size
category, a characteristic that was not represented in this study. Given that the variance in
porosity is small, future efforts to quantify these differences and represent them in a
reservoir simulation models are probably not warranted.

5.4 Sensitivity Test
Some of the average grain-size values were close to the divisions between
categories in the Wentworth classification scale, and the average and consequent
determination of the grain-size category could possibly change if measured for a number
of grains either greater or smaller than originally utilized. An analysis was conducted of
the sensitivity of the results to classifying samples falling close to these divisions. In the
first test, any samples with an average grain size within -0.009 mm of the threshold of the
next larger size were reclassified as if in the larger grain-size category. For example, a
sample with an average grain size of 0.124 (close to but below the threshold of 0.125mm
between S-UVF and S-LF categories) was moved into the larger S-LF category. In a
second test, samples with an average grain size within +0.009 mm of the category
threshold the next lower category were classified as if the smaller grain-size category.
Test 1 required reclassifying the grain-size categories of twenty-five samples.
Twenty-three of the samples were reclassified from S-UVF to S-LF, while the remaining
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two were reclassified from S-LF to S-UF and S-UF to S-LM, respectively. Test 2
required reclassifying the grain-size categories of sixteen samples. Fourteen of the
samples were reclassified from S-LF to S-UVF, while the remaining two were
reclassified from S-UF to S-LF and S-LM to S-UF.
Changing the grain-size categories did not significantly alter the contribution to
the variance in ln(k) and porosity. Changes in contributions to the variance in ln(k) is less
than 3% in either test, and less than 5% in porosity (Tables 19 & 20). In both tests,
differences in grain size remained the dominant contribution to the variance in ln(k),
while background effects continued to contribute the most to the variance in porosity.
Thus, potential bias in the average grain size does not significantly affect contributions to
the variance in either test.

Table 19: Absolute contributions to the variance in ln(k) and porosity.
Contribution to ln(k)
Main factor effects

Initial
analysis

Test 1

0.800

Contribution to porosity

Test 2

Initial
analysis

Test 1

Test 2

0.724

0.821

2.46e-5

2.24e-5

2.95e-6

Grain size (SSr)
Bedding Structure
(SSo)
GS-BS interaction
(SSro)

0.392

0.392

0.392

3.42e-6

3.42e-6

3.42e-6

0.221

0.175

0.215

1.07e-5

1.79e-5

1.24e-5

Background (SSε)

0.694

0.724

0.667

1.65e-4

1.60e-4

1.58e-4
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Table 20: Absolute percent contributions to the variance in ln(k) and porosity.
% Contribution to ln(k)

% Contribution to porosity

Initial
analysis

Test 1

Test 2

Initial
analysis

Test 1

Test 2

38.0

35.9

39.2

12.1

11.0

14.5

18.6

19.5

18.7

1.7

1.7

1.7

GS-BS interaction
(SSro)

10.5

8.7

10.3

5.3

8.8

6.3

Background (SSε)

32.9

35.9

31.8

81.0

78.5

77.6

Main factor effects
Grain size (SSr)
Bedding Structure
(SSo)

6. Final summary, discussion, and conclusions
Heterogeneity in the Western Belt sandstones of the Cypress Formation was analyzed
by quantifying contributions to the variance of log-permeability and porosity that arise
from differences in primary depositional factors (grain size and bedding structure) and
differences in secondary diagenetic factors (compaction and cementation) that occur
within the reservoir.
To summarize the results, the greatest contribution to the variance in log-permeability
and porosity arises from the differences in means between grain-size units including
lower very-fine sand (S-LVF), upper very-fine sand (S-UVF), lower fine sand (S-LF),
upper fine sand (S-UF), and lower medium sand (S-LM) unit types. The variance within
these unit types also makes a significant contribution.
Furthermore, differences in mean log-permeability or porosity between types of
bedding structures contributes little to the variance, and the grain-size and bedding
structure factors are relatively uncorrelated. Similarly, differences in the amount of
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diagenetic cementation and compaction do not contribute appreciably to the variance in
permeability and porosity. There is inappreciable covariance between log-permeability
and porosity.
If a generalized geologic model of the Western Belt sandstones is developed, the
model should represent relevant components of the sedimentary architecture (e.g.
different grain-size units within the cross-strata). The results of this study are relevant to
how cumulative distribution functions (cdf) for permeability and porosity would be
defined for such a model and assigned to units within the model (e.g. Ritzi et al., 2016,
2018). The results are from two cores. To the extent that these two cores represent the
larger reservoir, the following is suggested. A model of the Western Belt sandstones
could be represented by a parsimonious system of three cdfs, defined by the three
dominant grain-size units (S-UVF, S-LF, S-UF/S-LM) (Figure 39 & Table 21).

1

frequency

0.8
0.6

S-UVF

0.4

S-LF

0.2

S-UF/S-LM

0
-1

1

3

5

7

ln(k)
Figure 39: Distributions of ln(k) data grouped according to grain-size unit types.
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Table 21: Potential parsimonious classification of the Western Belt sandstones.

% of reservoir

Mean Ln(k)

Mean k
(mD)

S-UVF

47

3.0

20

15

S-LF

38

4.0

75

15

S-UF/S-LM

15

5.5

250

15

Grain-size units

Porosity (%)

In a model for sedimentary architecture such as illustrated in Figure 3, the smaller-scale
unit types, mostly sets of cross-strata, could be populated with values for petrophysical
properties by assigning values from the distribution of the grain-size units in proportion
to the proportions with which the strata types comprise those grain-size units, just as in
Guin et al. (2010).
Gershenzon et al. (2014, 2015a) used a two grain-size unit model to represent a
fluvial reservoir in studies of reservoir flow and capillary trapping. The units had two
orders of magnitude difference in permeability, which translates to a roughly ten-fold
difference in entry pressures. In this study, the difference in permeability between the SUVF and S-LF categories is one order of magnitude and would result in a three-fold
difference in entry pressures when using, like Gershenzon et al. (2014. 2015a), a
reasonable value of 𝑎 = 0.5 in Equation 1. Similarly, the difference of roughly 2.5 orders
of magnitude between permeabilities of S-UVF and S-UF/S-LM would translate to a twofold difference in entry pressures.
Based on prior percolation analyses, a unit within the model for fluvial architecture
will have connected pathways if the proportion of the unit is above about 20% (Guin et
al., 2010; Ramanathan et al., 2010). Thus, based on the proportions determined in this
study, categories S-UF/S-LM may be below the connectivity threshold and may not form
69

fully connected pathways. In contrast, it is likely that S-LF units would develop
connected pathways through the S-UVF units. These pathways will be aligned more in
the direction of paleoflow (Guin et al., 2010; Ramanathan et al., 2010).
Such a reservoir model would be similar to that used by Gershenzon et al. (2014,
2015a, b, 2016a, b, 2017a, b), in that it would comprise finer- and coarser-grained crosssets. The permeability values will be different, and the relative difference in permeability
between finer and coarser units is smaller, but still significant. A reservoir model would
be expected to show the following similar characteristics observed by Gershenzon et al.
(2014, 2015a, b, 2016a, b, 2017a, b). In WAG-EOR, water will preferentially enter and
displace residual oil from finer-grained units, the residual oil saturation in coarser-grained
regions will become higher, and CO2 will preferentially enter and displace oil from
coarser-grained units. The EOR sweep efficiency will be influenced by orientation of the
injector and production wells relative to paleoflow direction, with larger efficiency if the
injector and producer wells are aligned perpendicular to the paleoflow direction of the
fluvial deposits. During GSCO2, the CO2 will preferentially enter connected coarsergrained units and be trapped by capillary pinning due to differences in capillary pressure
between the coarser-grained units and the finer-grained units above them.
More data from more cores would be required to determine if the results of this
study can be generalized to the larger reservoir. Cores should be extracted from areas of
interest for the development of GSCO2-EOR within the Cypress reservoir, such as in the
Noble Field and Loudon Field. Based on the results of this study, the new core analyses
should include finely-resolved grain-size categories. The development of capillary entry
pressure data would contribute to a better understanding of the entry pressure pinning of
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CO2 and CO2 plume dynamics within the reservoir. Due to the difficulty and expense
required to gather such data, samples that can be tested will be limited. Assuming that
permeability is a good proxy for entry pressure (Gershenzon et al., 2015b, 2016a, b,
2017a, b), the results suggest that the samples should be selected with a priority given to
representing grain-size differences, as the largest differences in capillary entry pressure
will occur between coarser- and finer-grained units within the reservoir. Thus, the results
of this analysis could be used to prioritize selection of a limited number of samples.
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